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Abstract 9 
A comprehensive experimental and numerical study of concrete-filled double skin tubular (CFDST) stub 10 
columns is presented in this paper. A total of 23 tests was carried out on CFDST specimens with 11 
austenitic stainless steel circular hollow section (CHS) outer tubes, high strength steel CHS inner tubes, 12 
and three different grades of concrete infill (C40, C80 and C120). The ultimate load, load-deflection 13 
histories and failure modes of the stub columns are reported. The test results were employed in a parallel 14 
numerical simulation programme for the validation of the finite element (FE) model, by means of which 15 
an extensive parametric study was undertaken to extend the available results over a wide range of cross-16 
section slendernesses, inner tube strengths and concrete grades. The experimentally and numerically 17 
derived data were then employed to assess the applicability of the existing European, Australian and 18 
North American design provisions for composite carbon steel members to the design of the studied 19 
CFDST cross-sections. Overall, the existing design rules are shown to provide generally safe-sided (less 20 
so for the higher concrete grades) but rather scattered capacity predictions. Use of an effective concrete 21 
strength is recommended for the higher concrete grades and shown to improve the consistency of the 22 
design capacity predictions. 23 
Keywords: Concrete-filled double skin tubular (CFDST) sections; High strength steel; Numerical 24 
analysis; Stainless steel; Structural design; Testing. 25 
1. Introduction 26 
Concrete-filled double skin tubular (CFDST) sections consist of two metal tubes—27 
an outer tube and an inner tube—with concrete sandwiched between the tubes. CFDST 28 
sections inherit the high strength, stiffness and ductility of other composite sections, 29 
and provide good fire resistance since the concrete infill provides thermal protection to 30 
the inner tube [1]. The metal tubes also act as permanent and integral formwork for 31 
placing the concrete, reducing labour costs, materials and construction time. CFDST 32 
sections will typically be lighter than traditional concrete-filled steel tubular (CFST) 33 
sections owing to the absence of the inner concrete core, which may also lead to savings 34 
in foundation costs [2]. Potential applications of CFDST sections in practice include 35 
offshore structures [3] and bridge piers [4], and an early example of the use of CFDST 36 
members in a transmission tower is described in [5]. 37 
Stainless steel is gaining traction in the construction industry owing to its high 38 
corrosion resistance, ease of maintenance and aesthetic appeal [6]; the use of high 39 
strength steel elements is also increasing because of their excellent load-bearing 40 
capacity and potential for weight and cost savings. An innovative type of composite 41 
cross-section, i.e. a concrete-filled double skin tubular (CFDST) section with a stainless 42 
steel outer tube and a high strength steel inner tube, is proposed in this study. This 43 
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composite section is designed such that the most favourable properties of the 44 
constituent materials are exploited to the greatest possible extent. The interaction 45 
between the metal tubes and the concrete results in efficient utilisation of the different 46 
materials by confining the concrete and delaying local buckling in the metal tubes, 47 
while the presence of the high strength steel inner tube allows the thickness of the 48 
stainless steel outer tube to be reduced, thus improving the cost-effectiveness of the 49 
system. 50 
The idea of using double skin tubular sections originated in Britain, where double 51 
cylindrical shells filled with resin were used in a deep-water vessel [7]. In the late 1990s, 52 
CFDST members were investigated for their potential applications in offshore 53 
structures [3] and bridge piers [4]. From 2000 onwards, CFDST members have 54 
generated substantial interest among researchers, and a number of experimental and 55 
numerical investigations have been carried out to examine their structural performance. 56 
The influence of cross-sectional slenderness and concrete grade on the ultimate capacity 57 
and ductility of CFDST stub columns with mild steel circular hollow section (CHS) 58 
inner and outer tubes has been examined in [8-11]. The compressive performance of 59 
partially loaded [12] and tapered [5] CFDST sections, as well as CFDST sections in a 60 
corrosive chloride environment [13] has also been investigated. From the results of 61 
these tests, it has been concluded that the cross-sectional slenderness and concrete 62 
strength have a significant influence on the structural behaviour of CFDST stub 63 
columns. 64 
The structural behaviour of bare stainless steel tubular sections is known to be 65 
different from that of carbon steel sections [14-16]. Uy et al. [17] found that there is 66 
also a significant difference in structural performance between stainless steel CFST 67 
columns and carbon steel CFST columns. The behaviour and load-bearing capacity of 68 
concrete-filled stainless steel columns have also been studied [18-22]. Together, these 69 
studies have documented the rather more rounded and ductile load-deformation 70 
responses of stainless steel CFST stub columns compared to those of carbon steel CFST 71 
stub columns. This may be attributed to the rounded stress-strain behaviour and 72 
substantial strain hardening exhibited by stainless steel. With regard to CFDST stub 73 
columns with stainless steel outer tubes, existing studies are very limited. Han et al. [23] 74 
carried out a series of tests on straight, tapered and inclined stub columns, and 75 
concluded that the inclination and tapering both had a moderate negative influence on 76 
load-carrying capacity. Wang et al. [24] conducted a comprehensive experimental study 77 
of CFDST stub columns with stainless steel outer tubes; comparisons were also made 78 
between the test results and resistance predictions calculated using existing design rules. 79 
The resistance predictions were found to be rather scattered and it was shown that 80 
improved predictions could be achieved through the use of a modified local buckling 81 
coefficient to reflect the restraining effect of the concrete on the steel section and a 82 
concrete strength reduction factor for the higher concrete grades.  83 
In addition to experimental studies, a series of numerical investigations into the 84 
structural behaviour of CFDST stub columns using CHS for both the inner and outer 85 
tubes has also been performed. In 2010, Huang et al. [25] proposed an adjustment to 86 
the confinement factor used in a previous confined concrete stress-strain model [26] for 87 
CFST to adapt the model for application to CFDST. This adjusted model was 88 
subsequently employed to simulate the structural performance of a range of CFDST 89 
members, including columns subjected to sustained loading [27], columns with preload 90 
[2], tapered columns under eccentric compression [28], CFDST members under local 91 
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bearing forces [29] and CFDST sections with external stainless steel tubes under axial 92 
compression [30]. A further refined model proposed by Tao et al. [31], which adopts 93 
the concept of the confinement factor (ξ) from [26], has been shown to be more versatile 94 
and provide accurate results in modelling CFST columns, especially with high-strength 95 
concrete or thin-walled tubes. This model was modified and employed herein to 96 
simulate the axial compressive behaviour of the studied CFDST sections. Previous 97 
numerical studies of the axial compressive behaviour of CHS-CHS CFDST stub 98 
columns have indicated the significant influence of the cross-sectional slendernesses of 99 
the outer and inner tubes on the confining stresses afforded to the concrete [25, 32, 33]. 100 
Although the structural behaviour of CFDST members has been explored in a number 101 
of previous experimental and numerical studies, to date, there have been no 102 
experimental or numerical investigations into CFDST stub columns with stainless steel 103 
outer tubes and high strength steel inner tubes, and this is therefore the focus of the 104 
present study.   105 
In the current paper, a test programme on concrete-filled double skin tubular 106 
(CFDST) stub columns with stainless steel outer tubes and high strength steel inner 107 
tubes is first presented. A numerical modelling programme is then described, in which 108 
finite element (FE) models were initially developed to replicate the test results and then 109 
utilised to carry out an extensive parametric study to expand the available data pool to 110 
a wide range of cross-section slendernesses and material strengths. All the numerically 111 
derived data, together with the experimental results, are compared with the strength 112 
predictions from the European Code EN 1994-1-1 (EC4) [34], Australian Standard AS 113 
5100 [35] and American Specifications AISC 360 [36] and ACI 318 [37], enabling the 114 
applicability of these existing design rules to the studied CFDST cross-sections to be 115 
assessed. Finally, modifications to the existing design rules are proposed and evaluated 116 
through reliability analysis. 117 
2. Experimental investigation 118 
 General 119 
A total of 23 CFDST stub column tests was conducted in this study. As shown in 120 
Fig.1, the studied CFDST cross-sections featured stainless steel circular hollow sections 121 
(CHS) as the outer tubes and high strength steel CHS as the inner tubes. Two cross-122 
section sizes—CHS 140×3 (Diameter × thickness) and CHS 165×3—were employed 123 
for the outer tubes in this study, which were cold-rolled from flat strips of Grade EN 124 
1.4301 austenitic stainless steel, with measured 0.2% proof stresses of 300 and 276 125 
MPa, respectively. For the inner tubes, both hot-rolled seamless (CHS 22×4, 32×6, 126 
38×8, 55×11) and cold-formed (CHS 89×4) high strength steel tubes were adopted, 127 
with measured 0.2% proof stresses ranging from 433 to 1029 MPa. The measured 128 
overall diameter-to-thickness ratios of the outer tubes ranged from 48.0-56.9, while 129 
those of the inner tubes ranged from 5.0-22.9. The nominal length (L) of each stub 130 
column was designed to be 2.5 times the nominal diameter of the outer tube (Do), which 131 
was regarded as an appropriate length to include a representative pattern of residual 132 
stresses and geometric imperfections yet prohibit overall buckling.  133 
In the preparation of the test specimens, the inner tubes were carefully positioned at 134 
the centroid of the outer tubes, and then steel strips of 10 mm depth and 2 mm thickness 135 
were welded near the ends of the specimens, as shown in Fig. 2. The specimens were 136 
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then wire cut at both ends to ensure the ends of the outer and inner tubes lay in the same 137 
plane. The concrete was filled in the annulus between the outer and inner tubes and 138 
compacted using a poker vibrator to eliminate air bubbles in the freshly poured concrete. 139 
Three different concrete cylinder strengths of 40, 80, 120 MPa were used. Prior to 140 
casting, strain visualisation grids were marked onto the outer surfaces of the outer tubes. 141 
Geometric measurements were carefully taken, and their average values are presented 142 
in Table 1 using the nomenclature from Fig. 1, where L is the member length, Do and 143 
Di are the outer cross-section diameters of the outer and inner tubes, to and ti are the 144 
material thicknesses of the outer and inner tubes, and Ao, Ai and Ac are the calculated 145 
cross-sectional areas of the outer tubes, inner tubes and concrete, respectively.  146 
The CFDST test specimens were labelled such that the material, shape of the cross-147 
section and nominal dimensions of both the outer and inner tubes, as well as the grade 148 
of the concrete infill, can be easily identified. For example, the label AC165×3-149 
HC32×6-C40R defines the following specimen: the first letter “A” refers to austenitic 150 
stainless steel, the second letter “C” signifies a CHS and this is followed by the nominal 151 
dimensions (Do×to) of the CHS outer tube of 165×3 mm. The hyphens in the label 152 
separate the information relating to the outer tube, the inner tube and the concrete grade, 153 
so the notation “HC32×6” after the first hyphen refers to the inner tube where the letter 154 
“H” represents high strength steel, the letter “C” indicates a CHS and the nominal 155 
dimensions (Di×ti) are 32×6 mm. The term after the second hyphen describes the 156 
sandwiched concrete, where the letter “C” followed by the value of the concrete 157 
strength in MPa (40 MPa) designates the nominal concrete grade. For repeated tests, 158 
the letter “R” is added as a suffix to the label. 159 
 Material properties of tubes 160 
The material properties of the stainless steel outer tubes and high strength steel inner 161 
tubes were obtained from longitudinal tensile coupon tests. The tensile coupon 162 
specimens for the cold-formed outer and inner tubes were extracted from the quarter 163 
position around the cross-section relative to the weld, whereas those for the seamless 164 
inner tubes were extracted from a random location within the cross-section, as shown 165 
in Fig. 3. The gauge lengths of the coupons extracted from the outer and inner tubes 166 
were 25 mm and 50 mm, respectively. Two holes of 10.5 mm diameter were drilled and 167 
reamed 17 mm from each end of the coupons. Strain gauges were affixed on the mid-168 
line of each side of the coupons at the mid-length. A calibrated extensometer (with 169 
either a 25 or 50 mm gauge length) was mounted onto the specimens through three-170 
point contact knife edges. A pair of steel rods was inserted into the drilled holes of the 171 
coupon to apply tensile force in an MTS 50 kN testing machine. The coupon tests were 172 
conducted in accordance with the testing procedures detailed in Huang and Young [38]. 173 
Static loads were obtained by pausing the tests for 100 s to allow stress relaxation to 174 
occur near the proportional limit, the 0.2% proof stress and ultimate tensile strength.  175 
The material properties obtained from the coupon tests are summarised in Table 2, 176 
including the static 0.2% proof stress (0.2), static tensile strength (u), Young's 177 
modulus (E), elongation at fracture (εf) based on the respective gauge lengths and 178 
compound Ramberg-Osgood parameters (n and m) which describe the shape of the 179 
stress-strain curve [39-42]. The full stress-strain curves obtained from the tensile 180 
coupon tests for the stainless steel outer tubes and the high strength steel inner tubes 181 
are compared in Fig. 4. The curves were drawn in such a way that the average strain 182 
gauge readings were used from the origin to 1% strain beyond which the strain 183 
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calculated from the extensometer readings was used until fracture. The results highlight 184 
the different material properties of the outer and inner tubes. It may be seen that the 185 
stainless steel outer tubes have lower 0.2% proof stresses and ultimate strengths, but 186 
more pronounced strain hardening and much higher ductility than the high strength steel 187 
inner tubes. 188 
 Material properties of concrete 189 
The material properties of the concrete were determined from concrete cylinder tests. 190 
Three grades of concrete with nominal compressive cylinder strengths of 40, 80, and 191 
120 MPa were prepared with commercially available materials, the concrete mix 192 
proportions of which are shown in Table 3. Condensed silica fume was added to the 193 
mix for the very high strength concrete (120 MPa). For each batch of concrete, at least 194 
nine cylinders, with the standard size of 150 × 300 mm (diameter × length), were cast 195 
and cured under the same environmental conditions as the CFDST test specimens. 196 
Concrete cylinders were tested at 28 days after casting and also at the same time as the 197 
respective stub column tests. The cylinder tests were conducted in accordance with the 198 
procedures set out in the American Specification ACI 318 [37]. The average measured 199 
compressive concrete cylinder strengths and the number of cylinder tests conducted are 200 
summarised in Table 4. 201 
 Test setup and procedure 202 
A total 23 of stub column tests on the CFDST specimens was carried out in this 203 
study, with one specimen repeated to assess the reliability of the tests. All the specimens 204 
were tested under uniform axial compression in an INSTRON 5000 kN capacity servo-205 
controlled hydraulic testing machine. A typical CFDST stub column test setup is 206 
illustrated in Fig. 5. Four 50 mm range transducers (LVDTs) were utilised to monitor 207 
the axial deformations of the test specimens, the layout of which is depicted in Fig. 6. 208 
The LVDTs were placed between the top and bottom plates of the testing machine at 209 
evenly located positions to obtain the average axial shortening of the specimens. 210 
Meanwhile, two pairs of longitudinal and transverse strain gauges were affixed at 1/3 211 
and 2/3 points along the stub column lengths in order to monitor the strain development 212 
histories. These strain gauges were attached to the outer surface of the outer tube at the 213 
quarter position around the cross-section relative to the weld, as shown in Fig. 6. The 214 
strain gauge readings were also used to eliminate the elastic deformation of the end 215 
platens of the test machine from the end shortening measurements of the LVDTs and 216 
determine the true average axial strain values, following the procedures recommended 217 
in [43]. The modified true axial strain curves are employed for the validation of the FE 218 
models in Section 3.  219 
A steel ring with a width of 25 mm was fixed near each end of the stub columns 220 
before testing to prevent “elephant foot” failure caused by end effects. Plaster material 221 
was used to fill any small gaps due to concrete shrinkage at the specimen ends. The 222 
plaster was left to harden under an initial load of approximately 2 kN. These procedures 223 
eliminated any possible gaps between the top and bottom surfaces of the specimens and 224 
the end plates of the testing machine. Thus, the load was applied uniformly across the 225 
whole cross-section. Displacement control was used to drive the load actuator, which 226 
allows the test to be continued beyond the ultimate load and the post-ultimate behaviour 227 
to be recorded. The stub column tests were performed at a constant rate of 0.4 mm/min. 228 
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The applied load, LVDT readings and strain gauge readings were recorded by a data 229 
logger at 1 s intervals during the tests. 230 
 Test results 231 
The compressive behaviour of the CFDST stub columns was observed during the 232 
tests. The load (P) versus axial strain (ε) relationships for each column specimen are 233 
presented in Fig. 7, where P is the applied load recorded from the actuator and ε is 234 
determined as the average axial shortening (Δ) divided by the stub column length (L). 235 
The ultimate experimental loads (Pexp) of the CFDST stub columns are presented in 236 
Table 1. It should be noted that the peak loads of four stocky specimens (as marked by 237 
a * in Table 1) were not obtained since the load-average axial strain curves were still 238 
rising even at very high plastic strains. In these cases, the ultimate load for each of these 239 
four specimens was determined as the load where the slopes of the load-average axial 240 
strain curves reached 1% of their initial stiffness, as proposed in [44]. The ductility of 241 
the CFDST stub columns was assessed through the ductility index (DI) [24, 45], which 242 
is defined as the ratio of the axial displacement when the load drops to 85% of the 243 
ultimate load (Δ85%) to the axial displacement at the ultimate load (Δu), as presented in 244 
Table 1. It may be observed that the tested specimens with C40 and C80 concrete infill 245 
generally possessed high ductility. The use of high strength concrete was shown to 246 
enhance the cross-section compressive resistance of the CFDST cross-sections but also 247 
to result in a reduction in ductility.  248 
Two types of failure mode were observed for the tested stub columns, typical 249 
examples of which are presented in Fig. 8. Outward only local buckling of the outer 250 
tubes was detected for all the tested specimens (see Fig. 8(a) and (b)) due to the presence 251 
of the concrete, which inhibits inward deformations. Inward only local buckling of the 252 
high strength steel inner tube was detected in specimen AC140×3-HC89×4-C40, 253 
whereas no obvious local buckling of the inner tube was found in specimen AC140×3-254 
HC55×11-C40, as shown in Fig. 8(c) and (d). These different failure modes relate to 255 
both the different cross-sectional slendernesses of the inner tubes and the relative 256 
slendernesses of the inner and outer tubes. Concrete crushing was also observed in the 257 
regions where local buckling of the outer tubes occurred, and the concrete crushing may 258 
indeed have triggered the local buckling failures. The observed failure modes are 259 
similar to those described in Refs [8-11, 25, 32, 33] for CHS-CHS CFDST stub columns 260 
with carbon steel tubes. 261 
3. Numerical modelling 262 
 General 263 
Owing to the expense and impracticality of generating comprehensive data through 264 
experimentation, a numerical study was undertaken in parallel with the laboratory 265 
testing programme. The general purpose finite element (FE) analysis package 266 
ABAQUS [46] was employed throughout the study. The FE model was first validated 267 
against the experimental results by comparing ultimate loads, load-deformation 268 
histories and failure modes. Once satisfactory agreement between the experimental and 269 
numerical results was achieved, an extensive parametric study comprising 239 270 
simulations was conducted to investigate the influence of the key variables on the 271 
structural response of the studied CFDST cross-sections in compression.  272 
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 Basic modelling assumptions 273 
The geometry, loading and experimentally observed failure modes of the studied 274 
CFDST specimens were doubly symmetric; hence only one-eighth of the stub columns 275 
was modelled to enhance computational efficiency, with suitable boundary conditions 276 
applied to the planes of symmetry, as depicted in Fig. 9. In order to simulate the fixed 277 
ends employed in the tests, the top surface of the modelled stub columns was coupled 278 
to a reference point, where all degrees of freedom were restrained except for 279 
longitudinal translation. The compressive load was then applied using displacement 280 
control through the reference point at the end.  281 
The finite element model was developed using four-noded doubly curved shell 282 
elements with reduced integration (S4R) for the metal tubes and eight-noded brick 283 
elements with three translational degrees of freedom at each node (C3D8R) for the 284 
concrete, in line with previous numerical investigations of concrete-steel composite 285 
columns [47-52]. Convergence studies [53] were conducted to decide upon an 286 
appropriate mesh density, with the aim of 3. A uniform mesh size of πD/80 and D/20, 287 
where D is the tube diameter, was assigned along the circumferential and longitudinal 288 
directions of the model, respectively.  289 
For the validation of the model, the measured cross-section dimensions and material 290 
properties from the test specimens were incorporated into the respective FE simulations, 291 
while selected measured stress-strain curves were employed in the parametric study—292 
see Section 3, 4 and Table 2. The engineering stress-strain curves obtained from the 293 
coupon tests, which comprised at least 100 intervals to accurately capture the full range 294 
stress-strain response, were converted into true stress-logarithmic plastic strain curves 295 
for input into ABAQUS. The relationships between true stress (σtrue) and engineering 296 
stress (σnom), and log plastic strain (εlnpl) and engineering strain (εnom), are given by Eqs. 297 
(1) and (2), respectively. The classical metal plasticity model [46] using the von Mises 298 
yield criterion and isotropic hardening was adopted for both the outer and inner tubes. 299 
 300 
 (1 )true nom nom  = +  (1) 301 
 302 
 ln ln(1 )
pl nom
nom
E

 = + −  (2) 303 
 304 
The concrete damage plasticity (CDP) model defined in ABAQUS [46] was used 305 
for the sandwiched concrete. In order to account for the effect of confinement provided 306 
by the metal tubes, a confined concrete model based on that proposed by Tao et al. [31] 307 
was adopted in this study. The model in [31] was originally proposed and calibrated for 308 
CFST stub columns under axial compression.  For CFDST stub columns, the inner tube 309 
restricts the inward deformation of the sandwiched concrete; thus, the concrete exhibits 310 
similar behaviour to that in CFST stub columns [25], and the model in [31] was 311 
therefore employed herein. For application to CFDST members, the confinement factor 312 
(ξc) for CFST was modified, as given by Eqs. (3) and (4), 313 
 314 
 0.2,o o
c
ce c
A
A f

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4
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
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 318 
where Ao is the cross-sectional area of the outer tube, Ace is an equivalent cross-sectional 319 
area of the concrete, σ0.2,o is the 0.2% proof stress of the stainless steel outer tube and fc 320 
is the compressive cylinder strength of the concrete. Values of the following parameters: 321 
the ratio of the second stress invariant on the tensile meridian to that on the compressive 322 
meridian (Kc
*), the dilation angle (ψ), the flow potential eccentricity (e), the ratio of 323 
the compressive strength under biaxial loading to uniaxial compressive strength (fb0/fc′), 324 
and viscosity parameter (μ) were determined in accordance with the recommendations 325 
given in [31]. Following the guidance given in ACI 318 [37], the modulus of elasticity 326 
Ec of the concrete was taken as 4733 cf , and the Poisson’s ratio of the concrete was 327 
set equal to 0.2. The uniaxial tensile response of the concrete was assumed to be linear 328 
until the tensile strength (taken as 0.1fc) was reached, beyond which the inelastic portion 329 
of the tensile stress-strain curve was characterised by means of fracture energy (GF), 330 
determined from Eq. (5), 331 
 332 
 
0.7
2
max max(0.0469 0.5 26)
10
c
F
f
G d d
 
= − +  
 
 (5) 333 
 334 
where fc is in MPa and dmax is the maximum coarse aggregate size in mm, taken as 10 335 
mm in the validation study, and as 20 mm in the parametric study. 336 
Surface-to-surface contact has been successfully used to simulate the interaction 337 
between metal tubes and concrete in previous studies [31, 48, 49 etc.] and was also 338 
employed herein. “Hard contact” was specified in the normal direction, while the 339 
Coulomb friction model was employed to simulate the behaviour at the interface in the 340 
tangential direction. For the studied CFDST stub columns, the slip at both interfaces 341 
was insignificant since the metal tubes and the concrete deformed together under axial 342 
compression. Friction coefficients of 0.25, 0.3 and 0.6 were adopted by Hu et al. [32], 343 
Lam et al. [52], and Han et al. [26], respectively. In this study, a friction coefficient of 344 
0.6 was employed, though the results were found to be relatively insensitive to variation 345 
in this parameter. Initial imperfections and residual stresses are known to influence the 346 
compressive behaviour of tubular cross-sections [15,16]. However, for CFDST stub 347 
columns, the effects of local geometric imperfections and residual stresses are 348 
substantially reduced by the presence of the concrete infill. In particular, the lateral 349 
pressure applied by the concrete to the steel tubes obviates the need to assign any 350 
geometry perturbation to induce local buckling while, at the same time, the support 351 
provided by the concrete lessens the sensitivity of the tubes to local instabilities. Local 352 
geometric imperfections and residual stressses were therefore ignored in the current FE 353 
simulations, and the suitability of this assumption is confirmed in Section 3.3. 354 
 Validation of numerical models 355 
The accuracy of the FE model was evaluated by comparing the test ultimate loads, 356 
full load-deformation histories and failure modes with those derived from the numerical 357 
simulations. Table 1 reports the ultimate loads predicted by FE analysis (PFE) and the 358 
ratios of the numerical to experimental ultimate loads (PFE/Pexp). As can be seen from 359 
Table 1, the model provides both accurate and consistent predictions of the ultimate 360 
loads, with the mean value of PFE/Pexp equal to 0.97 and the coefficient of variation 361 
(COV) of 0.042. A typical series of the experimental load-deformation histories are 362 
compared with those from the numerical simulations in Fig. 10, where load is plotted 363 
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against average axial strain. These comparisons reveal that the full experimental 364 
loading histories are accurately replicated by the FE simulations. Excellent agreement 365 
is also obtained between the test and numerical failure modes. The FE model was able 366 
to capture the failure modes of both the outer and inner tubes consistently, as depicted 367 
in Fig. 8(a), (b) and Fig. 8(c), (d), respectively. Overall, it maybe concluded that the FE 368 
model developed in this study is capable of accurately replicating the structural 369 
behaviour and ultimate response observed in the experiments, and is thus suitable for 370 
conducting parametric studies. 371 
 Parametric studies 372 
Upon validation of the FE model, an extensive parametric study was conducted to 373 
generate further numerical data over a wider range of slendernesses of the outer and 374 
inner tubes, strengths of the inner tube and concrete grades. The measured stress-strain 375 
curve of the austenitic stainless steel AC140×3 section was employed for all the 376 
modelled outer tubes, while three different grades of high strength steel inner tube with 377 
nominal 0.2% proof stresses (σ0.2,i) of 460, 740 and 1100 MPa were employed, adopting 378 
the respective measured stress-strain curves highlighted in Table 2. The outer diameter 379 
of the modelled outer tubes ranged from 200 mm to 600 mm, with the thickness varying 380 
between 2 mm and 20 mm, resulting in the ratios of Do/to ranging from 10 to 200, 381 
covering compact, noncompact and slender cross-sections, according to the slenderness 382 
limits in AISC 360 [36]. The local slendernesses of the inner tubes were also varied 383 
from 8 to 150. Three concrete strengths, 40, 80 and 120 MPa, were adopted for the 384 
sandwiched concrete. The ranges of the abovementioned parameters are summarised in 385 
Table 5. For all the modelled specimens, the stub column lengths were set equal to 2.5 386 
times the outer diameters (Do), in accordance with the tested specimens. Overall, a total 387 
of 239 CFDST specimens was modelled in the parametric study. 388 
4. Discussion and assessment of current design methods 389 
 General 390 
Concrete-filled double skin sections with either carbon steel or stainless steel tubes 391 
are not explicitly covered by current design codes. Nonetheless, existing design rules 392 
for concrete-filled tubes in the European Code EN 1994-1-1 [34], Australian Standard 393 
AS 5100 [35] and two American Specifications AISC 360 [36] and ACI 318 [37] are 394 
described and assessed. The applicability of these design rules to CFDST sections is 395 
evaluated through comparisons of the experimental and numerical axial capacities with 396 
the predicted axial capacities (Pu/Pcode), as reported in Table 6. Note that all 397 
comparisons have been made based on the measured material and geometric properties 398 
and on the unfactored design strengths. Limitations specified in the codes on cross-399 
sectional slendernesses and material strengths are summarised in Table 7. The code 400 
limitations on concrete strength and steel strength are often exceeded, but comparisons 401 
are still presented in order that possible extension of the range of applicability of the 402 
codes can be assessed. 403 
 European Code EN 1994-1-1 (EC4) 404 
The compressive design resistance of concrete-filled columns with circular carbon 405 
steel outer tubes given in EC4 [34] accounts for the beneficial confining effect of the 406 
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steel tube on the concrete, but also the corresponding reduction to the strength of the 407 
steel tube caused by the circumferential stresses arising due to the restriction of the 408 
lateral expansion of the concrete. For the comparisons made herein, the EC4 resistance 409 
function is adopted, but with the following modifications: stainless steel is used in place 410 
of carbon steel for the outer tube, and hence the yield stress is replaced by the 0.2% 411 
proof stress, and the term in the EC4 [34] resistance function relating to the reinforcing 412 
bars is replaced by an equivalent term for the high strength steel inner tube. The cross-413 
section capacity (PEC4) of the studied circular CFDST compression members is thus 414 
predicted using Eq. (6). 415 
 416 
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 418 
where ηo and ηc are slenderness dependent, as given by Eqs. (7) and (8)     419 
 420 
 0.25 3 + 2   1.0o = （ ）  (7) 421 
 422 
 
2
4.9 18.5 +17   0c  = −   (8) 423 
 424 
where   is the relative member slenderness, as defined in EC4 [34]. Note that the 425 
effective length factor was taken as 0.5 in the present study to reflect the fixed-ended 426 
boundary conditions employed in the tests and FE simulations.  427 
A limit on the local slenderness of the outer tube of D/t 90(235/fy) is specified in 428 
EC4 [34], beyond which local buckling needs to be explicitly accounted for. In this 429 
study, the limit has been modified for stainless steel to consider the differences in 430 
material yield strength and Young’s modulus; the modified limit is given by Do/to ≤ 431 
90(235/σ0.2,o)(Eo/210000). It is worth noting that this limit for concrete-filled tubes is 432 
the same as the class 3 slenderness limit for unfilled tubes, i.e. the beneficial effect of 433 
the concrete infill in inhibiting inward local buckling of the outer tube is ignored. 434 
Further investigation is recommended to determine a more appropriate limit for 435 
concrete filled tubes. For unfilled CHS exceeding the above slenderness limit, an 436 
effective area formula (Ae) has been developed by Chan and Gardner [54], based on an 437 
existing formulation in BS5950-1 [55]. This formula has been modified to reflect the 438 
material properties of stainless steel and is given by Eq. (9); this formula is applied 439 
herein when predicting the EC4 axial compressive resistance of slender CFDST cross-440 
sections. 441 
 442 
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 444 
A comparison of the test and FE results with the strength predictions from EC4 [34] 445 
is shown in Fig. 11(a), where the ratio of test (or FE) strength-to-predicted strength 446 
(Pu/PEC4) has been plotted against the local slenderness of the outer tube λEC = 447 
(Do/to)( σ0.2,o/235)( 210000/Eo). A limiting value of 90 is also plotted in Fig. 11(a). 448 
There is a trend that as slenderness increases, EC4 [34] yields less conservative but less 449 
scattered predictions. The conservatism at low slenderness values may be attributed to 450 
the lack of consideration of strain hardening in the stainless steel outer tube and the 451 
high strength steel inner tube. 452 
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The mean ratio of the experimental and numerical results (Pu) to the strength 453 
predictions from EC4 (PEC4) is equal to 1.01 and the corresponding COV is 0.091, as 454 
reported in Table 6. It can be seen that the design provisions in EC4 [34] developed for 455 
concrete-filled carbon steel tubular sections offer generally good average strength 456 
predictions for CFDST stub columns with stainless steel outer tubes, though there are 457 
many cases where the strength predictions are on the unsafe side.   458 
 Australian Standard AS 5100 459 
The Australian Standard AS 5100 [35] and the European Code EC4 [34] generally 460 
employ the same approach to the calculation of design strengths for concrete-filled CHS 461 
compressive members, with the nominal AS 5100 section capacity (PAS5100) being 462 
equivalent to that given by Eq. (6). The class 3 (or yield) slenderness limit in the 463 
Australian Standard is however different from that in EC4 [34]. For a cross-section to 464 
be considered fully effective, the local slenderness (λAS) should be less than the yield 465 
slenderness limit of 82 for cold-formed circular tubes, where λAS is defined, replacing 466 
the yield stress with the 0.2% proof stress of the stainless steel outer tube, by Eq. (10). 467 
 468 
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 470 
For CHS beyond this limit, an effective cross-sectional area is implemented in the 471 
calculation of the design strengths of the specimens. The effective area of the stainless 472 
steel outer tube (Ae) is obtained from Eqs. (11)-(13), which are taken from AS/NZS 473 
4673 [56], 474 
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 481 
where Et is the tangent modulus in compression corresponding to the buckling stress, 482 
Ar is the reduced area of the cross-section, C is the ratio of the proportionality stress to 483 
the yield stress, c is equal to 3.084C, Kc is the strength reduction factor for slender 484 
cross-sections, and Fn is the flexural buckling stress of the column, which was taken 485 
equal to σ0.2,o for all the studied specimens due to the short column lengths.  486 
The experimental and numerical results are compared with the AS 5100 [35] 487 
capacity predictions in Fig. 11 (b), where the ratio of test (or FE) strength-to-AS 5100 488 
predicted strength (Pu/PAS5100) is plotted against the cross-sectional slenderness (λAS). 489 
Similar observations emerge from Fig. 11(b) that AS 5100 [35] provides less 490 
conservative but less scattered strength predictions with increasing slenderness. The 491 
conservatism in the compact region is again attributed to the lack of account taken of 492 
strain hardening of the metal tubes. A numerical evaluation of the AS 5100 strength 493 
predictions is reported in Table 6, showing a high level of accuracy with the mean ratio 494 
 12 
 
of Pu/PAS5100 equal to 1.00 and the corresponding COV equal to 0.097. Similar to the 495 
conclusions reached for EC4, the application of the AS 5100 design rules to the studied 496 
CFDST sections generally yields relatively good average capacity predictions but with 497 
a substantial number on the unsafe side.  498 
 American specifications AISC 360 and ACI 318 499 
The AISC 360 [36] rules for the design of filled composite members with carbon 500 
steel outer tubes are also adopted herein to predict the axial capacity of the studied 501 
CFDST stub columns. The AISC 360 compressive cross-section strengths (PAISC) of 502 
the columns are calculated according to the compactness of the composite section. 503 
Filled composite sections are categorised as compact, noncompact or slender according 504 
to the diameter-to-thickness ratios of their outer tubes. A compact section can reach the 505 
yield strength of the metal tube and develop a concrete compressive strength of 0.95fc 506 
due to the high level of confinement provided by the metal tube. A noncompact section 507 
can also reach the yield strength of the metal tube, but is deemed to confine the concrete 508 
to a lesser extent than a compact section due to local buckling [57]; hence 0.70fc is used 509 
in the design calculation. A slender section can neither develop the yield strength of the 510 
metal tube nor confine the concrete beyond 0.70fc [58]. The limiting Do/to values, i.e. 511 
p for compact/noncompact and r for noncompact/slender, are detailed in Table 8 and 512 
plotted in the Fig. 11(b).  513 
In this study, the yield stress was again taken as the 0.2% proof stress in calculating 514 
the column strengths, and the term relating to the reinforcing bars is also again replaced 515 
by the cold-formed high strength steel inner tube. However, the structural behaviour of 516 
the inner tube is different from that of reinforcing bars. Reinforcing bars have little or 517 
no axial resistance upon crushing of the concrete, whereas the inner tube still continues 518 
to sustain load and thus, departing from the treatment for reinforcing bars in AISC 360, 519 
is considered herein as an independent term in the resistance function. Hence, the AISC 520 
360 compressive cross-section strengths (PAISC) of the studied columns with compact, 521 
noncompact and slender sections are determined from Eq. (14). 522 
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   525 
where Pp and Py is determined from Eqs. (15) and (16) respectively,  = Do/to is the 526 
slenderness of the outer tube and fcr is the elastic critical buckling stress of the outer 527 
tube, given by Eq. (17).  528 
 529 
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The accuracy of the AISC 360 [36] design provisions is assessed by comparing the 536 
test (or FE) results with the described strength predictions, as shown in Fig. 11(c), 537 
where the ratios of test (or FE) strength-to-predicted strength have been plotted against 538 
the normalised cross-section slenderness λAISC = (Do/to)(σ0.2,o/Eo). The comparisons 539 
show that AISC 360 generally results in rather conservative predictions across the range 540 
of compact, noncompact and slender sections. For compact sections, as the slenderness 541 
increases, the design method becomes less conservative, though generally remains on 542 
the safe side. For noncompact and slender sections, the capacity predictions tend to 543 
become generally more conservative and more scattered with increasing slenderness. 544 
This may indicate that AISC 360 [36] underestimates the level of confinement afforded 545 
to the concrete and the strength of the metal tubes in this slenderness range. The mean 546 
ratio of the experimental and numerical results (Pu) to the strength predictions from 547 
AISC 360 (PAISC) is equal to 1.20 with a COV of 0.119, as reported in Table 6. This 548 
confirms that AISC 360 yields generally conservative and scattered strength predictions 549 
when applied to CFDST stub columns with stainless steel outer tubes. 550 
The American Concrete Institute design guidelines ACI 318 [37] for concrete-filled 551 
tubular sections are also assessed herein. The compressive design resistance (PACI) for 552 
concrete-filled tubular sections, modified as above for application to CFDST sections 553 
with outer stainless steel tubes, is given by Eq. (18). 554 
 555 
 ACI 0.2, 0.2,0.85o o c c i iP A A f A = + +  (18) 556 
 557 
It should be noted that the use of the gross area of the outer tube requires its thickness 558 
to satisfy to ≥ Do(σ0.2,o/8Eo)0.5[37]. The compressive design resistance of sections 559 
beyond this limit is not explicitly covered by ACI 318. To allow comparisons to be 560 
made herein, the effective area (Ae) expression from the American Specification 561 
SEI/ASCE-8-02 was adopted to account for local buckling. The American Specification 562 
SEI/ASCE-8-02 [59] and Australian/New Zealand Specification AS/NZS 4673 [56] 563 
employ the same approach in determining the effective area (Ae) of stainless steel cross-564 
sections, but with different coefficients used in calculating Kc, as given in Eq. (19). 565 
 566 
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 568 
The accuracy of the ACI 318 [37] provisions is evaluated by comparing the test and 569 
FE results with the ACI 318 strength predictions, as shown in Fig. 11(d), where the 570 
ratios of test (or FE) strength-to-predicted strength (Pu/PACI) have been plotted against 571 
the normalised cross-section slenderness (λACI = (Do/to)(σ0.2,o/Eo)0.5). The comparisons 572 
show that ACI 318 [37] significantly underestimates the capacity of the studied cross-573 
sections with a high level of scatter across the full slenderness range. This may be 574 
attributed primarily to the fact that ACI 318 [37] does not differentiate between cross-575 
sections of different compactness, other than slender, nor does it consider concrete 576 
confinement effects. The mean ratio of Pu/PACI is equal to 1.24 with a COV of 0.106, 577 
as reported in Table 6. This illustrates that ACI 318 [37] generally provides safe-sided, 578 
but rather conservative and scattered strength predictions for CFDST stub columns with 579 
stainless steel outer tubes. 580 
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 Modification to design rules 581 
The ratios of Pu/Pcode are plotted against slenderness for each of the four considered 582 
design codes in Fig. 11(a)-(d); the data are categorised by concrete strength. The 583 
comparisons reveal that all the codes provide less conservative predictions for the 584 
specimens with high strength concrete (C80 and C120) than their counterparts with 585 
normal strength concrete (C40), particularly for sections within the specified code 586 
slenderness limits. This observation has previously been made for concrete-filled tubes 587 
[24]; to remedy this, the effective compressive strength in EN 1992-1-1 [60] is applied 588 
herein in the case of concrete strengths greater than 50 MPa and below 90 MPa for 589 
sections within the corresponding slenderness limit of each design code considered. 590 
The effective strength is determined by multiplying the concrete strength by a reduction 591 
factor η, as given by Eq. (20). For concrete strengths beyond 90 MPa, a constant 592 
reduction factor η of 0.8, as proposed by Liew et al. [61], is employed herein to 593 
determine the effective compressive strength. The values of η, as calculated from Eq. 594 
(20), are shown in Table 5 for the specimens tested in the present study. 595 
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 598 
The experimental and numerical results are compared with the modified capacity 599 
predictions in Fig. 12, where the ratios of test (or FE) strength-to-modified predicted 600 
strength (Pu/PEC4*, Pu/PAS5100* Pu/PAISC* and Pu/PACI*) have been plotted against the 601 
normalised cross-section slenderness. The average ratios and the corresponding COVs 602 
of test (or FE)-to-modified predicted strengths for each concrete grade are also 603 
summarised in Table 9. The comparisons reveal that the inclusion of η in the design 604 
rules leads to more consistent and less scattered resistance predictions across the 605 
different concrete strengths.  606 
 Reliability analysis 607 
The reliability associated with the application of the current and modified EN 1994-608 
1-1 design rules to the studied CFDST cross-sections is assessed through statistical 609 
analyses, in accordance with EN 1990 [62]. In the analyses, the mean to nominal yield 610 
strength ratios fy,mean/fy,nom ( i.e. the material over-strength) were taken as 1.30 [63] for 611 
the stainless steel and 1.135 [64] for the high strength steel, while the concrete over-612 
strength ratio was determined from Eq. (21) [65], 613 
 614 
 
1.64c mf f = −  (21) 615 
 616 
where fc and fm are the characteristic and mean values of compressive concrete strength 617 
and δ is the standard deviation, taken as 0.026, 0.040 and 0.025 for C40, C80 and C120 618 
concrete respectively, in accordance with the test results, as shown in Table 4. The 619 
COVs of the strength of stainless steel, concrete and high strength steel were taken as 620 
0.06 [63], 0.18 [66] and 0.055 [67] respectively, while the corresponding COVs of the 621 
geometric properties was taken as 0.05 [63], 0.01 [66] and 0.02 [67]. The partial factors 622 
for the stainless steel, concrete and high strength steel were taken as 1.1 [68], 1.5 [62] 623 
and 1.0 [69]. 624 
 625 
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The key parameters and results from the Eurocode reliability analysis are 626 
summarised in Table 10, where kd,n is the design (ultimate limit state) fractile factor, b 627 
is the average ratio of test and FE resistances to design model resistance defined in [70], 628 
Vδ is the COV of the tests or FE simulations relative to the resistance model, Vr is the 629 
combined COV incorporating both model and basic variable uncertainties, and γM0 is 630 
the partial safety factor. As can be seen from Table 10, the required partial factors for 631 
the original and modified design rules are 0.99 and 0.97, which are close to the currently 632 
adopted value of 1.0 in EN 1994-1-1 [34], and thus both the current and modified design 633 
rules are considered to satisfy the reliability requirements of EN 1990 [62]. A more 634 
consistent level of reliability across the range of concrete strengths is achieved using 635 
the modified design rules. 636 
5. Conclusions 637 
A comprehensive experimental and numerical investigation of CFDST stub columns 638 
with stainless steel outer tubes and high strength steel inner tubes has been conducted. 639 
The experimental programme comprised 23 stub columns tests, of which the ultimate 640 
load, load-deformation histories and failure modes were reported. The obtained test 641 
results were employed in a parallel numerical simulation programme for the validation 642 
of a finite element (FE) model. An extensive parametric study was then undertaken to 643 
extend the available results over a wide range of cross-section slendernesses, inner tube 644 
strengths and concrete grades. The derived test and FE data were used to assess the 645 
suitability of the existing design provisions of EC4, AS 5100, AISC 360 and ACI 318 646 
for application to the studied CFDST cross-sections. Overall, the current design rules 647 
in EC4 [34] and AS 5100 [35] provide good average axial capacity predictions but 648 
result in a high number of strength predictions on the unsafe side, while AISC 360 [36] 649 
and ACI 318 [37] provide conservative but rather scattered predictions. Inaccuracies in 650 
the resistance models stemmed principally from the lack of consideration of strain 651 
hardening in the metal tubes and insufficient allowance for the strength benefits of 652 
concrete confinement applied to the concrete infill. Modifications incorporating the 653 
effective compressive strength of concrete were considered and shown to improve the 654 
consistency of the design predictions. The reliability of both the current and modified 655 
EC4 design rules was demonstrated by means of statistical analyses in accordance with 656 
EN 1990 [62]. Overall, it is concluded that while existing provisions are satisfactory, 657 
further improvements to the design rules for concrete-filled double skin tubular stub 658 
columns are required, and hence further research is underway in this area. 659 
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 817 
Fig. 1.  Definition of symbols for concrete-filled double skin tubular stub column specimens. 818 
  819 
Fig. 2.  Fabrication of the tubes prior to casting. 820 
 821 
 822 
 823 
(a) Cold-formed tube  (b) Hot-rolled seamless tube 824 
Fig. 3.  Locations of tensile coupons within the cross-sections. 825 
 20 
 
 826 
 827 
 828 
Fig. 4.  Full stress–strain curves obtained from tensile coupon tests. 829 
 830 
 831 
Fig. 5.  Typical test set-up of CFDST stub column specimens. 832 
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 833 
Fig. 6. Arrangements of LVDTs and strain gauges. 834 
       835 
 (a) AC140×3-HC22×4 (b) AC140×3-HC32×6 836 
       837 
 (b) AC140×3-HC38×8 (d) AC140×3-HC55×11 838 
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      839 
 (e) AC140×3-HC89×4  (f) AC165×3-HC22×4 840 
      841 
 (g) AC165×3-HC32×6 (h) AC165×3-HC89×4 842 
Fig. 7.  Load versus average axial strain curves for tested CFDST stub columns. 843 
 844 
 
 
  
 
(a) Outward local buckling of outer tube 
 
 
(b) Inward local buckling of inner tube  
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(c) Outward local buckling of outer tube (d) No buckling of inner tube 
Fig. 8. Comparisons of test and FE failure modes for stub column: (a) and (c) AC140×3-846 
HC89×4-C40; (b) and (d) AC140×3-HC55×11-C40.  847 
 848 
 849 
 850 
 Fig.  9.  Stub column FE model in ABAQUS. 851 
 852 
Symmetry boundary conditions 
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against all degrees of 
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displacement 
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 853 
Fig. 10. Comparisons of test and FE load-average axial strain curves. 854 
 855 
 856 
 (a) EC4  (b) AS 5100 857 
 858 
 859 
 860 
 (c) AISC360 (d) ACI 861 
Fig. 11. Comparisons of test and FE results with strength predictions from design 862 
codes. 863 
0
500
1000
1500
2000
2500
3000
3500
0 0.01 0.02 0.03
L
o
ad
 P
(k
N
)
Average axial strain ԑ
Test
FEM
AC165×3-HC22×4-C120
AC165×3-HC22×4-C40
AC165×3-HC22×4-C80
0.7
1.0
1.3
1.6
1.9
0 60 120 180 240 300
P
u
/P
E
C
4
EC4 = Do/toε
2
C40
C80
C120
Class 3 
limit = 90
0.7
1.0
1.3
1.6
1.9
0 60 120 180 240 300
P
u
/P
A
S
5
1
0
0
AS = (Do/to)(σ0.2,o/250)
C40
C80
C120
Slenderness
limit = 82
0.7
1.0
1.3
1.6
1.9
0.0 0.1 0.2 0.3 0.4
P
u
/P
A
IS
C
AISC = (Do/to)(σ0.2,o/Eo)
0.5
C40
C80
C120
0.7
1.0
1.3
1.6
1.9
0 2 4 6 8
P
u
/P
A
C
I
ACI = (Do/to)(σ0.2,o/Eo)
0.5
C40
C80
C120
Slenderness 
limit = 

p
 
r
 
Max. 
 25 
 
   864 
 865 
 (a) EC4  (b) AS 5100 866 
  867 
 868 
 (c) AISC360 (d) ACI 869 
Fig. 12. Comparisons of test and FE results with modified strength predictions from 870 
design codes. 871 
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Table 1 Measured test specimen dimensions. 872 
Specimen  
Length 
L(mm) 
Outer tube dimensions Inner tube dimensions Area Material strength 
Ductility 
DI 
Test 
strength 
Pexp 
(kN) 
PFE/Pexp 
Do (mm) to (mm) Do/to Di (mm) ti (mm) Di/ti 
Ao  
(mm2) 
Ai  
(mm2) 
Ac 
 (mm2) 
σ0.2,o 
(MPa) 
σ0.2,i 
(MPa) 
fc 
(MPa) 
AC140×3-HC22×4-C40* 350.0 140.2 2.92 48.0 22.1 4.09 5.4 1258 231 13788 300 794 40.5 --- 1410 0.97 
AC140×3-HC22×4-C80 350.0 140.2 2.91 48.2 22.1 4.10 5.4 1254 231 13806 300 794 79.9 1.83 1845 1.02 
AC140×3-HC22×4-C120 350.0 140.2 2.89 48.5 22.1 4.08 5.4 1247 230 13808 300 794 115.6 1.17 2321 0.99 
AC140×3-HC32×6-C40* 350.0 140.3 2.89 48.5 32.0 5.48 5.8 1247 456 13399 300 619 40.5 --- 1423 1.05 
AC140×3-HC32×6-C80 350.0 140.2 2.92 48.0 31.9 5.27 6.1 1259 440 13375 300 619 79.9 3.11 2012 0.96 
AC140×3-HC32×6-C120 350.0 140.1 2.91 48.1 31.9 5.36 6.0 1253 446 13362 300 619 115.6 1.38 2537 0.92 
AC140×3-HC38×8-C40* 350.0 140.1 2.91 48.1 38.1 7.63 5.0 1255 730 13028 300 433 40.5 --- 1626 0.95 
AC140×3-HC38×8-C80 350.0 140.1 2.90 48.3 38.0 7.51 5.1 1250 720 13034 300 433 79.9 --- 2083 0.93 
AC140×3-HC38×8-C120 350.0 140.2 2.90 48.3 37.9 7.39 5.1 1249 708 13052 300 433 115.6 1.34 2500 0.94 
AC140×3-HC55×11-C40* 350.0 140.2 2.90 48.3 55.1 10.62 5.2 1253 1484 11804 300 739 40.5 --- 2543 0.92 
AC140×3-HC55×11-C80 350.0 140.1 2.90 48.3 55.2 10.76 5.1 1249 1503 11782 300 739 79.9 --- 2775 0.96 
AC140×3-HC89×4-C40 350.0 140.1 2.87 48.8 89.0 3.89 22.9 1236 1041 7962 300 1029 40.5 1.42 2025 0.98 
AC140×3-HC89×4-C80 350.0 140.1 2.86 49.0 89.1 3.91 22.8 1233 1046 7935 300 1029 79.9 2.77 2107 0.97 
AC140×3-HC89×4-C120 350.0 140.2 2.88 48.7 89.1 3.91 22.8 1244 1046 7963 300 1029 115.6 2.22 2195 1.04 
AC165×3-HC22×4-C40 413.0 165.3 2.94 56.2 22.0 4.14 5.3 1499 233 19568 276 794 40.5 --- 1750 0.93 
AC165×3-HC22×4-C80 413.0 165.2 2.94 56.3 22.1 4.09 5.4 1497 231 19566 276 794 79.9 1.63 2413 0.99 
AC165×3-HC22×4-C120 413.0 165.3 2.94 56.3 22.1 4.04 5.5 1498 229 19583 276 794 115.6 1.18 2911 1.04 
AC165×3-HC32×6-C40 413.0 165.3 2.93 56.4 31.9 5.35 6.0 1496 446 19158 276 619 40.5 --- 1943 0.88 
AC165×3-HC32×6-C40R 413.0 165.3 2.94 56.2 31.9 5.39 5.9 1501 448 19162 276 619 40.5 --- 1891 0.91 
AC165×3-HC32×6-C80 413.0 165.3 2.94 56.1 31.8 5.25 6.1 1501 438 19154 276 619 79.9 2.76 2550 0.96 
AC165×3-HC89×4-C40 413.0 165.5 2.92 56.7 89.0 3.92 22.7 1491 1048 13786 276 1029 40.5 1.74 2375 0.96 
AC165×3-HC89×4-C80 413.0 165.4 2.91 56.9 89.1 3.91 22.8 1485 1046 13770 276 1029 79.9 3.46 2580 1.01 
AC165×3-HC89×4-C120 413.0 165.2 2.92 56.7 88.9 3.88 22.9 1487 1036 13744 276 1029 115.6 5.34 2671 1.12 
Mean                0.97 
Cov                0.055 
Note: * The peak loads were not obtained for these specimens.  873 
Table 2 Measured material properties obtained from tensile coupon tests. 874 
Section 
  
(Pa) 
u  E  
(GPa) 
εf 
n m u 
(MPa) (%) 
AC140×3* 300 705 197 62 5.3 2.5 2.4 
AC165×3 276 753 200 68 4.4 2.3 2.7 
HC22×4 794 901 197 5 5.8 4.1 1.1 
HC32×6 619 811 208 9 5.4 3.7 1.3 
HC38×8* 433 765 197 15 6.2 3.0 1.8 
HC55×11* 739 941 211 9 8.4 3.7 1.3 
HC89×4* 1029 1093 209 6 5.7 4.3 1.1 
Note: * Measured material properties employed in parametric studies. 875 
 876 
Table 3 Concrete mix design.  877 
Nominal concrete Mix proportions (relative to the weight of cement) 
strength (MPa) Cement Water Fine aggregate 10 mm aggregate CSFa SPb 
C40 1 0.56 1.67 2.51 0 0.004 
C80 1 0.32 1.25 1.88 0 0.02 
C120 1 0.21 1.02 1.53 0.09 0.053 
Note: aCSF = Condensed silica fume; bSP = Super plasticizer 878 
 879 
Table 4 Measured concrete cylinder strengths. 880 
Concrete grade 
Mean value 
of  
concrete 
strength  
28-day 
(MPa) 
Coefficient 
of 
variation 
(COV) 
Number 
of 
concrete  
cylinder 
tests 
Mean value 
of  
concrete 
strength at 
days of 
column tests    
(MPa) 
Coefficient 
of 
variation 
(COV) 
Number 
of 
concrete  
cylinder 
tests 
C40 36.2 0.031 4 40.5 0.026 5 
C80 77.6 0.028 4 79.9 0.040 7 
C120 108.2 0.080 4 115.6 0.025 6 
 881 
Table 5 Ranges of variation of parameters for the parametric study. 882 
Parameter Do/to Di/ti 
fc 
(MPa) 
σ0.2,i 
(MPa) 
Range 
Max. 200 150 120 1029 
Min. 10 8 40 433 
 883 
Table 6 Overall comparison of stub column test and FE results with predicted strengths.  884 
No. of tests: 23 
EC4 AS 5100 AISC 360 ACI 318 
No. of FE simulations: 239 
Pu/Pcode 
Mean 1.01 1.00 1.20 1.24 
COV 0.091 0.097 0.119 0.106 
 885 
 886 
 28 
 
Table 7 Code limits on cross-sectional slendernesses and material strengths.  887 
Design codes  
Limits on cross-sectional slenderness 
Limits on material 
strengths 
Original limit 
Normalised slenderness 
limit 
   
(MPa) 
fc  
(MPa) 
EN 1994-1-1 
0.2,
235
90
210000
 oo o
o
E
D t  0.2,
210000
( ) 90
235
 
 
 
o
o o
o
D t
E
 235-460 20-50 
AS 5100 
0.2,
82
235

 = ooe
o
D
t
 
0.2,
82
235

oo
o
D
t
 230-400 25-65 
AISC 360 
0.2,
0.31

= o op
o o
D E
t
 
0.2,
0.31

oo
o o
D
t E
 ≤ 525 21-70 
ACI 318 
0.2,
8

 oo o
o
t D
E
 0.2,( ) 8

oo o
o
D t
E
 --- ≥ 17.2 
Table 8. Limiting Do/to in composite members under axial compression in AISC360. 888 
Compact/noncompact 
p 
Noncompact/slender 
r 
Maximum 
0.15Eo/σ0.2,o 0.19Eo/σ0.2,o 0.31Eo/σ0.2,o 
Table 9. Average ratios of test-to-design predictions for each concrete grade. 889 
Concrete 
grade 
Ratio of test-to-predicted strengths 
Pu/PEC4 Pu/PEC4* Pu/PAS5100 Pu/PAS5100* Pu/PAISC Pu/PAISC* Pu/PACI Pu/PACI* 
C40 
Mean 1.08 1.08 1.08 1.08 1.29 1.29 1.33 1.33 
COV 0.114 0.114 0.118 0.118 0.126 0.126 0.113 0.113 
C80 
Mean 1.02 1.09 1.02 1.09 1.18 1.23 1.24 1.27 
COV 0.103 0.118 0.106 0.122 0.118 0.127 0.107 0.117 
C120 
Mean 0.98 1.07 0.98 1.07 1.12 1.19 1.18 1.23 
COV 0.078 0.105 0.080 0.108 0.097 0.115 0.087 0.107 
 890 
Table 10. Reliability analysis results calculated according to EN 1990. 891 
Design code Sample type Sample number kd,n b Vδ γM0 
EC4 Test+FE 262 3.128 1.01 0.083 0.99 
EC4* Test+FE 262 3.128 1.03 0.093 0.97 
 892 
